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Abstract Phase shifts and inelasticity parameters for
NN scattering in the partial-wave channels 3S1–
3D1
and 1S0 at energies Tlab from zero to about 1 GeV are
described within a unified NN potential model assum-
ing the formation of isoscalar and isovector dibaryon
resonances near the NN∗(1440) threshold. Evidence for
these near-threshold resonances is actually found in the
recent WASA experiments on single- and double-pion
production in NN collisions. There, the excitation of
the Roper resonance N∗(1440) exhibits a structure in
the energy dependence of the total cross section, which
corresponds to the formation of dibaryon states with
I(Jpi) = 0(1+) and 1(0+) at the NN∗(1440) threshold.
These two S-wave dibaryon resonances may provide a
new insight into the nature of the strong NN interac-
tion at low and intermediate energies.
Keywords Nucleon-nucleon interaction · Dibaryon
resonances · Single- and double-pion production ·
Roper resonance
1 Introduction
The traditional point of view on the strong NN in-
teraction at low energies (Tlab . 350 MeV) is based on
the classic Yukawa concept [1] suggesting t-channel me-
son exchanges between nucleons. Later on, this idea of
Yukawa has been realized in the so-called realistic NN
potentials [2,3,4]. Recently the realistic NN potentials
(of the second generation) have been replaced by the
Effective Field Theory (EFT) which can treat single
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and multiple meson exchanges more consistently [5,6].
However when the energy is rising beyond 350 MeV,
the numerous inelastic processes enter the game and
the application of the traditional approach meets many
serious problems. Importantly, most of them are related
to our poor understanding of the short-range NN in-
teraction and the corresponding short-range two- and
many-nucleon correlations in nuclei and nuclear matter
[7].
From the general point of view, these problems should
be tightly interrelated to the quark structure of nu-
cleons and mesons. On the other hand, the consistent
treatment of the intermediate-energy NN interaction,
especially for inelastic processes, within the microscopic
quark models is associated to so enormous difficulties
[8,9,10], that nowadays we have to limit ourselves with
some phenomenological or semi-phenomenological treat-
ment. However it is still possible to use some hybrid
approach and to combine the meson-exchange treat-
ment for the long-rangeNN interaction with the quark-
motivated model for the intermediate- and short-range
interaction [11]. Such a model can be naturally based on
the assumption about the six-quark bag (or dibaryon)
formation at sufficiently short NN distances, where the
three-quark cores of two nucleons get overlapped with
each other [12]. Implementation of this idea does not re-
quire a detailed knowledge of the six-quark dynamics,
but only needs the projection of the six-quark wave-
functions onto the NN channel and an operator cou-
pling the two channels of different nature, i.e., nucleon-
nucleon and six-quark ones. So, in the NN channel
we can take into account only the peripheral meson-
exchange interaction, while the influence of the internal
6q channel on the NN interaction can be described by
a simple mechanism of an intermediate dibaryon reso-
2nance formation with appropriate NN ↔ 6q transition
form factors [13,14,15].
The dibaryon-induced mechanism for the short-range
NN interaction was initially suggested in Ref. [12] and
quite successfully applied to the description ofNN elas-
tic scattering phase shifts and the deuteron properties
in Refs. [13,14]. However, these works did not consider
the inelastic channels and also did not try to identify
the S-matrix poles resulting from the fit of the phase
shifts using the dibaryon resonances found experimen-
tally. On the other hand, in recent years a number of
dibaryon resonances have been discovered which are
manifested most clearly in the inelastic processes [16].
In Refs. [17,18,19], we elaborated a unified model
that can describe well both elastic phase shifts and
inelasticities in NN scattering in various partial-wave
channels at laboratory energies from zero up to about
1 GeV. Thus, it has been shown that one can reproduce
quite satisfactorily both elastic and inelastic NN scat-
tering phase shifts in a broad energy range using only a
one-term separable potential with a pole-like energy de-
pendence (with complex energy) for the main part of in-
teraction and the one-pion exchange potential (OPEP)
for the peripheral part of interaction. The model was
applied to various partial-wave channels with L > 0:
1D2,
3P0,
3P2,
3D3–
3G3 and others, and the theoretical
parameters (mass and width) of dibaryon resonances
found from the fit of NN scattering in these channels
turned out to be very close to their experimental values
[17,18,19].
However, the description of just S-waveNN scatter-
ing (both elastic and inelastic) at low and intermediate
energies should be especially sensitive to the assump-
tions made in the dibaryon-induced model. In fact, in
the case of S-wave NN scattering, absence of a cen-
trifugal barrier allows the closest rapprochement of two
nucleons to each other, so the short-range interaction
in the S-wave channels provides the strongest impact
to the phase shifts. This is especially true for inelastic
scattering which, in turn, should be governed by the
same mechanism as elastic scattering. Thus, it seems
evident that the quark degrees of freedom should play a
major role in the interaction mechanism. In the present
paper, we study in detail just S-wave NN scattering
within the dibaryon-induced approach.
In fact, our model is based mainly on an assumption
about the formation of dibaryon resonances which can
be coupled to the various NN channels. Therefore the
existence (or nonexistence) of such states plays a deci-
sive role in whole our approach. So, it is worth to briefly
discuss the current experimental status of the dibaryon
resonances before we can proceed further with the the-
oretical description of NN scattering.
In recent years, many so-called exotic states have
been observed in the charmed and beauty meson and
baryon sectors. Common to these X , Y , Z and pen-
taquark states is that they appear as narrow resonances
near particle thresholds constituting weakly bound sys-
tems of presumably molecular character [20]. A similar
situation is also present in the dibaryonic sector, which
can be investigated by elastic and inelastic NN scat-
tering.
Following the recent observation of the narrow dibaryon
resonance d∗(2380) with I(JP ) = 0(3+) in two-pion
production [21,22] and then in NN elastic scattering
[23,24], new measurements and investigations revealed
and/or reconfirmed evidences for a number of states
near the N∆ threshold. Among these the most pro-
nounced resonance is the one with I(JP ) = 1(2+), mass
m ≈ 2148 MeV and width Γ ≈ 126 MeV. Since its mass
is close to the nominal N∆ threshold of 2.17 GeV and
its width is compatible with that of the ∆ itself, its na-
ture has been heavily debated in the past, though its
pole has been clearly identified in a combined analysis of
pp, pid scattering and pp↔ dpi+ reaction [25]. For a re-
cent review about this issue see, e.g., Ref. [16]. Very re-
cently also evidence for a resonance with mirrored quan-
tum numbers, i.e., I(JP ) = 2(1+) has been found hav-
ing a mass m = 2140(10) MeV and width Γ = 110(10)
MeV [26,27]. Remarkably, both these states have been
predicted already in 1964 by Dyson and Xuong [28]
based on SU(6) considerations and more recently cal-
culated in a Faddeev treatment by Gal and Garcilazo
[29] providing agreement with the experimental findings
both in mass and in width.
Whereas these two states represent weakly bound
states relative to the nominal N∆ threshold and are of
presumably molecular character with N and ∆ in rela-
tive S wave, new evidence has been presented recently
also for two states, where the two baryons are in rela-
tive P wave: a state with I(JP ) = 1(0−), m = 2201(5)
MeV and Γ = 91(12) MeV as well as a state with
I(JP ) = 1(2−), m = 2197(8) MeV and Γ = 130(21)
MeV [30]. The values for the latter state agree with
those obtained before in SAID partial-wave analyses
[25]. The masses of these p-wave resonances are slightly
above the nominal N∆ threshold, which is understood
as being due to the additional orbital motion [30]. There
is suggestive evidence for the existence of still further
states like a P -wave I(JP ) = 1(3−) state, for which,
however, the experimental situation is not yet as clear
[16]. It is also worth emphasising that the three res-
onances 1(2+), 1(2−) and 1(3−) have been shown to
give a sizeable contribution to the pp→ dpi+ cross sec-
tions and polarisation observables [31] (the resonance
31(0−) is not allowed in this reaction by the parity and
momentum conservation).
In the description ofNN scattering within the dibaryon-
induced model, we considered first the isovector partial
channels 1D2,
3P2,
3F3 and others, where the dibaryon
resonances near the N∆ threshold (respectively, 1(2+),
1(2−), 1(3−), etc.) can be formed [17,18]. We have shown
that these resonances determine almost completely NN
scattering in the respective partial channels at ener-
gies from zero to about 600–800 MeV (lab.). Then in
the work [19] NN scattering in the isoscalar 3D3–
3G3
channels has been shown to be governed by the 0(3+)
dibaryon d∗(2380) which is located 80 MeV below the
∆∆ threshold (and thus can be treated not as a molecular-
like but as a deeply bound ∆∆ state). By analogy, for
the S-wave partial channels, with which we are con-
cerned here, the respective dibaryons could be located
near the NN∗(1440) threshold, since the Roper res-
onance N∗(1440) has the same quantum numbers as
the nucleon, and an S-wave NN∗ resonance can eas-
ily transform into an S-wave NN state. In compari-
son to N∆ dibaryons which can couple to the isovector
NN channels only, both isospin assignments I = 0 and
I = 1 are allowed for the NN∗(1440) resonances. So,
these resonances, if they exist, can couple to the 3S1–
3D1 (the deuteron) and
1S0 (the singlet deuteron) NN
channels, respectively.
Fortunately, a strong indication of existence of these
two dibaryon resonances near the threshold of the Roper
resonance excitation have been found in the recentWASA
experiments on single- and double-pion production in
isoscalar and isovector NN collisions [32,33]. It will be
demonstrated below that the scenario of dibaryonic res-
onances near the N∆ threshold is not unique, but is
repeated at the NN∗(1440) threshold. And just these
resonances determine the S-wave NN scattering at low
and intermediate energies.
The paper is organised as follows. In Sec. 2 we briefly
outline the theoretical formalism of the dibaryon-induced
model for the NN interaction [17,18,19] with some
modifications necessary to apply it to S-wave scatter-
ing. Then in Sec. 3 we derive the dibaryon parameters
from the fit to the phase shifts and inelasticities in the
3S1–
3D1 and
1S0 channels and compare them to the
experimental data which are discussed in Sec. 4. We
conclude in Sec. 5.
2 The dibaryon-induced model for the S-wave
NN interaction
As is well known, the effective range approximation for
the low-energy NN -scattering leads to the S-matrix
poles near zero energy for the triplet 3S1–
3D1 and sin-
glet 1S0 channels. According to the Wigner’s idea, one
can treat these S-matrix poles as a result of an s-
channel exchange by the deuteron or singlet deuteron
(see Fig. 1).
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Fig. 1 Diagram illustrating the low-energy NN interac-
tion due to s-channel exchange by the deuteron or singlet
deuteron.
Then the question arises: whether such s-channel
mechanism can provide description not only of low-
energy but also intermediate-energy NN scattering?
The answer is: surely, if instead of the deuteron pole
in Fig. 1 one will imply a corresponding dibaryon pole
at intermediate energy. The first attempt to treat the
S-wave NN scattering at intermediate energies by the
s-channel exchange by the dibaryon pole was under-
taken at the beginning of 2000s within the framework of
the dibaryon concept for the nuclear force [13]. The pe-
ripheral meson-exchangeNN interaction was described
via the so-called external space (or channel) where one
deals with nucleonic and mesonic degrees of freedom.
The main short-range NN attraction is caused by a
coupling between the external and internal channels,
where the latter is treated by means of quark-gluon (or
string) degrees of freedom. The rigorous mathematical
formalism to describe such quantum systems combining
two Hilbert spaces (or channels) with completely differ-
ent degrees of freedom was developed in the numerous
papers of the Leningrad group [34]. We refer the reader
to Refs. [13,14] where this approach was used to develop
a dibaryon-induced NN -interaction model (referred to
as a “dressed bag model”) based on a microscopic six-
quark shell model in a combination with the well-known
3P0 mechanism of pion production.
A deeper insight into the structure of the six-quark
system in the internal channel may be gained from
the quark-cluster picture [35,36], where two separated
quark clusters, a tetraquark 4q and a diquark 2q are
connected by a color string which can vibrate and ro-
tate. In the quark shell-model language, such a state
corresponds to the six-quark configuration |s4p2[42]x;L=
0, 2;ST 〉 with two quarks in the p-shell [12,13]. Being
transformed into the 4q–2q two-cluster state, it corre-
sponds to the 2~ω excitation of the color string con-
necting two clusters. So, coupling between the exter-
nal and internal channels corresponds to passing from
4a bag-like 2~ω-excited six-quark state to NN loops in
the external channel (see Fig. 2). Of course, the inter-
mediate dibaryon can decay also into inelastic channels
(other than NN). In our model, such decays are effec-
tively taken into account through the width ΓD (see
Eq. (6) below). So that, in Fig. 2, dibaryon decays into
NN∗ channel are implicitly included in the dibaryon
propagator as well.
+
N N N
NNN
N
NN
+
N
N
NN N
NN
D D D D D
N
N
+ ...
D
Fig. 2 Graphical representation of the NN scattering am-
plitude driven by the intermediate dibaryon D formation in
the NN system.
In Refs. [17,18,19], the dibaryon-induced model has
been generalised further to effectively include the in-
elastic processes. Below, for the readers’ convenience,
we briefly outline the basic formalism of the dibaryon-
induced model with a special emphasis on S-wave NN
scattering. As has been mentioned above, the total Hilbert
space of the model includes the external and internal
channels. The external channel corresponds to the rel-
ative motion of two nucleons, while the internal chan-
nel corresponds to the formation of the six-quark (or
dibaryon) state. In the simplest case, the internal space
is one-dimensional, and a single internal state |α〉 is as-
sociated with the “bare dibaryon” having the complex
energy ED. So, the total Hamiltonian has the matrix
form:
H =
(
hNN λ|Φ〉〈α|
λ|α〉〈Φ| ED|α〉〈α|
)
, (1)
where the transition form factor |Φ〉 is defined in the
external space and represents a projection of the total
6q wavefunction onto the NN channel. In particular, in
case of the coupled spin-triplet NN partial waves 3S1–
3D1, |Φ〉 is a two-component column (see Ref. [19]).
The external Hamiltonian hNN includes the periph-
eral interaction of two nucleons which is given by the
one-pion exchange potential VOPEP. Here we use the
same form and the same parameters of VOPEP as in
Ref. [19] 1. For S-wave NN scattering, one should also
take into account the six-quark symmetry aspects lead-
ing to an additional repulsive term Vorth in the NN
potential [18]. Thus, the external Hamiltonian is repre-
sented as a sum of three terms:
hNN = h
0
NN + VOPEP + Vorth, (2)
1For the coupled spin-triplet channels 3S1–3D1, we use a bit
lower cutoff parameter ΛpiNN = 0.62 GeV (instead of 0.65
GeV employed in Ref. [19]) which allows for a better fit of
the 3D1 phase shift.
where h0NN is the two-nucleon kinetic energy operator
(which may include the Coulomb interaction for the pp
case) and Vorth has a separable form
Vorth = λ0|φ0〉〈φ0|. (3)
The symmetry-induced operator Vorth was introduced
for the first time in Ref. [37]. It corresponds to the
full or partial exclusion of the space symmetric six-
quark component |s6[6]〉 from the total NN wavefunc-
tion and is needed to fulfil the orthogonality condition
between the small |s6[6]〉 and the dominating mixed-
symmetry |s4p2[42]〉 components in the NN system. It
has been shown [38] that the operator Vorth plays the
role of the traditional NN repulsive core. In fact, this
s6-eliminating potential provides a stationary node in
the NN wavefunctions at different energies, and the
position of the node corresponds to the radius of the
repulsive core [39].
To satisfy the orthogonality condition strictly, one
has to take the limit λ0 → ∞ in Vorth. However, since
the S-wave NN channels have a strong coupling to the
S-wave NN∗(1440) channels near the Roper resonance
excitation threshold, the 2~ω excitation in NN rela-
tive motion can pass into the 2~ω inner monopole ex-
citation of the Roper resonance N∗(1440)2. Thus, for
such a strong coupling, there should not be a strict or-
thogonality condition for the symmetric configuration
|s6[6]〉 at energies near the resonance, and the value of
λ0 should be finite. There is another good reasoning
to this point. The S-wave dibaryon state located near
the NN∗(1440) threshold can decay into both NN and
NN∗ channels. While the relative-motion wavefunction
in the NN channel has a stationary node at rc = 0.5
fm similarly to the low-energy NN scattering the NN∗
wave function has not got a node because the 2~ω exci-
tation in the initial six-quark wave function passes into
2~ω inner excitation in the Roper state itself. Hence,
for the channel NN∗, the projection operator Vorth is
not needed. The especially strong mixing of the NN
and NN∗ channels happens just in the near-threshold
area where the effect of Vorth almost disappears.
So that, we use here the orthogonalising term Vorth
with the finite values of λ0. It provides a node in the
NN relative motion wavefunctions at small energies,
but at intermediate energies,NN scattering states have
some admixture of the nodeless state |φ0〉3. So, in this
approach, the finite properly chosen value of λ0 provides
2In the quark shell-model language, the N∗(1440) structure
corresponds to the mixture of the 3q configurations 0s−(1p)2
and (0s)2 − 2s, both carrying 2~ω excitation.
3In particular, a resonance state in the NN channel may have
a noticeable overlap with the state |φ0〉. The detailed study
of this formalism will be published elsewhere.
5an effective account of the strong coupling between the
NN and NN∗(1440) channels.
After excluding the internal channel, one gets the
effective Hamiltonian in which the main attraction is
given by the energy-dependent pole-like interaction:
Heff(E) = hNN +
λ2
E − ED |Φ〉〈Φ|. (4)
By using the separable form for the energy-dependent
part of interaction, one can find explicitly an equa-
tion for the poles of the total S-matrix (see details in
Refs. [18,19]):
Z − ED − J(Z) = 0, (5)
where the function J(Z) is determined from the matrix
element of the external Hamiltonian resolvent gNN(Z) =
[Z − hNN ]−1, i.e., J(Z) = λ2〈Φ|gNN (Z)|Φ〉.
Finally, for the effective account of inelastic pro-
cesses, we introduce the imaginary part of the inter-
nal pole position ED = E0 − iΓD/2, which is energy-
dependent and describes the possible decays of the “bare”
dibaryon into all inelastic channels (i.e., except for the
NN one). For a single decay channel, the width ΓD can
be represented as follows:
ΓD(
√
s) =


0,
√
s ≤ Ethr;
Γ0
F (
√
s)
F (M0)
,
√
s > Ethr
, (6)
where
√
s is the total invariant energy of the decay-
ing resonance, M0 is the bare dibaryon mass, Ethr is
the threshold energy, and Γ0 defines the partial decay
width at
√
s =M0. For the S-wave dibaryon resonance
located near the NN∗(1440) threshold, the dominant
decay channel is D → NN∗(1440). Here we take into
account only the main decay mode of the Roper reso-
nance N∗(1440)→ piN , and thus the main decay chan-
nel of the dibaryon is D → piNN . For such a case, the
parametrization of the function F (
√
s) in Eq. (6) has
been introduced in Ref. [18]:
F (
√
s) =
1
s
∫ √s−mpi
2m
dMNNq
2lpi+1k2LNN+1
(q2 + Λ2)lpi+1(k2 + Λ2)LNN+1
.
(7)
Here q =
√
(s−m2pi −M2NN)2 − 4m2piM2NN
/
2
√
s and
k =
1
2
√
M2NN − 4m2 are the pion momentum in the
total center-of-mass frame and the momentum of the
nucleon in the center-of-mass frame of the final NN
subsystem with the invariant mass MNN , respectively.
In Eq. (7), the high momentum cutoff parameter Λ is
used to prevent an unphysical growth of the width Γinel
at high energies. The possible values of the pion orbital
angular momentum lpi with respect to the NN subsys-
tem and the orbital angular momentum of two nucleons
LNN are restricted by the total angular momentum and
parity conservation. Below, the particular values of lpi,
LNN and Λ are adjusted to get the best fit of inelastic-
ity parameters in the partial NN channels in question.
3 Results for the 3S1–
3
D1 and
1
S0 partial-wave
channels
In this section, we present the results of calculations for
the NN scattering phase shifts and inelasticity param-
eters in the lowest partial-wave channels, viz., 3S1–
3D1
and 1S0, within the dibaryon-induced model.
For the model form factors entering Eqs. (1) and (3),
we have employed the harmonic oscillator functions with
the orbital momentum L and the radial quantum num-
ber n equal to the number of nodes in the NN relative
motion wavefunction. In particular, |φ0〉 has the form
of the S-wave state with n = 0 and an effective range
r0. The “dibaryon” form factor |Φ〉 has two components
corresponding to S and D waves, i.e., |Φ〉 =
(
α|φS〉
β|φD〉
)
,
where α2 + β2 = 1. Here |φS〉 has the same effective
range r0 as |φ0〉, but n = 1, so, these two functions are
orthogonal to each other. The D-wave part of |Φ〉 is a
nodeless function with the effective range rD. The po-
tential parameters used for both spin-triplet and spin-
singlet partial-wave channels are listed in Tab. 1. Here
λS ≡ αλ and λD ≡ βλ for the spin-triplet channel. For
the dibaryon width defined by Eqs. (6) and (7), we used
the values lpi = 0, LNN = 1 and Λ = 0.6 GeV/c for the
1S0 channel and lpi = 1, LNN = 2 and Λ = 1.8 GeV/c
for the coupled 3S1–
3D1 channels. The concrete values
of these parameters are important mainly for the fit of
inelasticities in the near-threshold region and have a
little impact on the overall fit quality.
Table 1 Parameters of the dibaryon model potential for the
lowest spin-triplet and spin-singletNN partial-wave channels.
λ0 r0 λS λD rD M0 Γ0
MeV fm MeV MeV fm MeV MeV
3SD1 165 0.475 248.1 65.9 0.6 2275 80
1S0 165 0.48 274.2 - - 2300 40
The partial phase shifts and mixing angle for the
coupled channels 3S1–
3D1 are shown in Fig. 3 in com-
parison with the single-energy (SE) solution of the SAID
partial-wave analysis (PWA) [40]. It is seen from Fig. 3
that within the dibaryon model we can reproduce the
PWA data on the 3S1–
3D1 partial phase shifts and mix-
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Fig. 3 (Color online) Partial phase shifts (a), (b) and mixing angle (c) for the coupled NN channels 3S1–3D1 found within
the dibaryon model (solid curves) in comparison with the single-energy SAID PWA [40] (filled circles) and results for the pure
OPEP (dash-dotted curves).
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Fig. 4 (Color online) Partial phase shifts for the NN channel
1S0 found within the dibaryon model (solid curves) in com-
parison with the single-energy SAID PWA [40] (filled circles)
and results for the pure OPEP (dash-dotted curves).
ing angle in a broad energy range from zero up to about
1.2 GeV.
The partial phase shifts for the spin-singlet channel
1S0 calculated with the model parameters which are
rather close to those used for the spin-triplet case (see
Tab. 1) are shown in Fig. 4 in comparison with the
SAID SE data. Again the dibaryon model allows for
the very good description of the partial phase shifts at
energies from zero up to 1.2 GeV.
The comparison of inelasticities for the S-wave chan-
nels with the SAID single-energy data is presented in
Fig. 5 (a) and (b). Here we see reasonable agreement
for the S-wave inelasticity parameters with the PWA
data up to the energies corresponding to the resonance
position (Tlab ≃ 0.9 GeV). Thus, the same single-pole
model of interaction can reproduce almost quantita-
tively both elastic and inelastic NN scattering in S
waves in a broad energy range from zero up to about 1
GeV.
In Figs. 3–5 the contribution of the pure OPEP is
shown by dash-dotted curves. It is clearly seen that just
the dibaryon excitation mechanism allows for a reason-
able description of both partial phase shifts and inelas-
ticities for S-wave NN scattering. The coupling with a
dibaryon in the D-wave component of the spin-triplet
channel 3S1–
3D1 is weaker, so the dibaryon mechanism
makes some important contribution here only above the
inelastic threshold (see Fig. 3 (b)). The situation here
is very similar to that for the 3D3–
3G3 partial-wave
channels studied in Ref. [19].
It is extremely interesting that the S-matrices for
the model NN potentials in both singlet and triplet
partial channels have two poles. For the 3S1–
3D1 case,
the first pole corresponds to the bound state, i.e., the
deuteron, which is reproduced rather accurately. The
second pole here corresponds to the dibaryon resonance
with the parameters:
Mth(
3SD1) = 2310 MeV, Γth(
3SD1) = 157 MeV.
(8)
For the 1S0 channel, the first pole is the well-known
singlet deuteron state, while the position of the second
one is:
Mth(
1S0) = 2330 MeV, Γth(
1S0) = 51 MeV. (9)
Both these resonance positions are rather close to
the NN∗(1440) threshold4. As will be shown below,
the resonance parameters given in Eqs. (8) and (9) also
turn out to be very close to the values derived from the
recent single- and double-pion production experiments
(see Sec. 4). However, the inaccuracy in description of
inelasticity parameters at energies above the resonance
position in the considered NN partial-wave channels as
well as a too narrow width of the dibaryon resonance in
4The difference between the resonance parameters found here
for the 1S0 channel from the preliminary ones obtained in
Ref. [18] is due to the use of the finite λ0 in the orthogonal-
ising potential Vorth.
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Fig. 5 (Color online) Inelasticity parameters for the NN channel 3S1 (a) and 1S0 (b) found within the dibaryon model
(solid curves) in comparison with the single-energy SAID PWA [40] (filled circles) and results for the pure OPEP (dash-dotted
curves).
the 1S0 channel show that a more detailed treatment
of inelastic processes is required within the dibaryon
model.
As s-channel resonances, the two predicted dibaryon
states have to display a counter clockwise looping in the
Argand diagrams of amplitudes in 1S0 and
3S1 partial
waves. For these partial waves, two S-wave trajectories5
are shown by the solid lines in Fig. 6 in comparison with
the different SAID PWA solutions [40]. In fact, we ob-
serve the counter clockwise loopings for the amplitudes
found within the dibaryon model indicating the reso-
nance presence in both cases.
Since these resonances are highly inelastic, the reso-
nance loops are rather tiny. The theoretical predictions
should be compared with three PWA solutions of the
SAID group, viz., the single-energy as well as the global
solutions AD14 and SM16 [40]. The scatter within the
single-energy data as well as the differences among the
various SAID solutions may serve as an indication for
inherent ambiguities in the partial-wave analysis, es-
pecially for the 3S1 channel. In fact, the differences
between two recent solutions SM16 and AD14 are of
the same order as those differences between theoretical
loops and each of the above SAID solutions. Hence, the
absence of the loops in the current SAID solutions can-
not argue against the suggested dibaryon resonances.
We note that the situation here is much different
from that for the dibaryon resonance d*(2380). In case
of the latter, the partial waves 3D3 and
3G3 were in-
volved, which both carry large orbital angular momen-
tum and hence have a large impact on the analyz-
ing power. Since this observable is the only one, which
solely consists of interference terms, it is predestinated
to exhibit substantial effects even from tiny resonance
5Here the partial amplitude A is defined as A = (SL − 1)/2i,
where SL is the S-matrix for the given orbital angular mo-
mentum L.
admixtures in partial waves. Unfortunately, we deal here
with S-wave resonances, which make no contribution to
the analyzing power due to the missing orbital angu-
lar momentum. Hence this key observable for revealing
loops and resonances is not working here. The only way
out of this dilemma is to look into reactions, where these
highly inelastic resonances decay to, namely single- and
double-pion production. We discuss these processes in
the next Section.
4 The Roper excitation in NN induced single-
and double-pion production and the
near-threshold dibaryon resonances
The Roper resonance N∗(1440) excitation appears usu-
ally quite hidden in the observables and in most cases
can be extracted from the data only by sophisticated
analysis tools like partial-wave decomposition. By con-
trast, it can be observed free of background in NN -
induced isoscalar single-pion production, where the over-
whelming isovector∆ excitation is filtered out by isospin
selection as demonstrated by recent WASA-at-COSY
results [32] for the NN → [NNpi]I=0 reaction. Though
the primary aim of this experiment was the search for a
decay d∗(2380) → [NNpi]I=0, it also covers the region
of the Roper excitation, which is discussed here.
Since the ∆ excitation is filtered out by the isospin
condition, there is only a single pronounced structure
left in the isoscalar nucleon-pion invariant mass spec-
trum as seen in Fig. 6 of Ref. [32], which peaks at m ≈
1370 MeV revealing a width of Γ ≈ 150 MeV. These
values are compatible with the pole values for the Roper
resonance deduced in diverse piN and γN studies [41].
Our values for the Roper peak also are in good agree-
ment with earlier findings from hadronic J/Ψ → N¯Npi
decay [42] and αN scattering [43,44].
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Fig. 6 (Color online) Argand diagrams for the NN channels 3S1 (a) and 1S0 (b) found within the dibaryon model (solid
curves) in comparison with different solutions of the SAID PWA [40]: single-energy (filled circles), SM16 (dashed curves) and
AD14 (dash-dotted curves). The numbers near the single-energy points reflect the corresponding values of the lab. energy Tlab
in MeV.
The energy excitation function of the measuredNN -
induced isoscalar single-pion production cross section
is displayed in Fig. 7. Near threshold the Roper res-
onance is produced in S wave in relation to the other
nucleon, whereas the pion from the Roper decay is emit-
ted in relative p wave. Hence we expect for the energy
dependence of the total cross section in the isoscalar
NN → [NNpi]I=0 channel a threshold behavior like
for pion p waves — as is actually born out by the ex-
plicit calculations for the t-channel Roper excitation in
the framework of the modified Valencia model [32,46].
These calculations are displayed in Fig. 7 by the dashed
line, which is arbitrarily adjusted in height to the data.
The data [32,45] presented in Fig. 7 follow this expec-
tation by exhibiting an increasing cross section with
increasing energy up to about
√
s ≈ 2.30 GeV. Beyond
that, however, the data fall in cross section in sharp
contrast to the expectation for a t-channel production
process. The observed behavior is rather in agreement
with a s-channel resonance process as expected for the
formation of a dibaryonic state at the NN∗ threshold.
Due to the relative S wave betweenN andN∗ as well as
due to the isoscalar nature of this system, it must have
the unique quantum numbers I(JP ) = 0(1+). From a
fit of a simple Lorentzian to the data we obtain m =
2315(10) MeV and Γ = 150(30) MeV. The large uncer-
tainty on the latter results from the large uncertainties
of the data at lower energies (for a fit with a Gaussian,
which leads to a width of 170 MeV, see Ref. [32]). For
a more detailed treatment of the resonance structure
one would need to use a momentum-dependent width,
which takes into account the nearby pion production
threshold and lowers the resonance cross section at the
low-energy side.
A very similar situation is also observed in NN -
induced two-pion production. The situation is particu-
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Fig. 7 (Color online) The NN-induced isoscalar single-pion
production cross section in dependence of the total c.m. en-
ergy
√
s. Shown are the recent results from WASA-at-COSY
[32] (solid circles) together with earlier results [45] at lower
energies. The dashed line shows the expected energy depen-
dence based on t-channel Roper excitation [32,46], the solid
line a Lorentzian fit to the data with m = 2315 MeV and Γ =
150 MeV.
larly clear in the pp→ pppi0pi0 reaction, the total cross
section of which is plotted in Fig. 8. Since ordinary
single-∆ excitation is excluded here due to the nec-
essary production of two pions, the Roper excitation
is the only resonance process at low energies. Hence
we would again expect a phase-space-like (dotted line)
growth of the cross section, which is also born out by
detailed model calculations (dash-dotted line) [46,52].
But the data follow this trend up to Tp ≈ 0.9 GeV
(
√
s ≈ 2.3 GeV). Then the data level off before they
increase again, when the next higher-energetic process,
the t-channel ∆∆ process with double-p-wave emission
(dashed line) starts. Isospin decomposition of the data
9in the various NNpipi channels tells us that the energy
dependence of the Roper excitation is experimentally
given by the filled star symbols in Fig. 8 [33]. Again
we see a resonance-like energy dependence, which indi-
cates a NN∗(1440) molecular system also in this case,
but now with quantum numbers I(JP ) = 1(0+), m ≈
2320 MeV and Γ ≈ 150 MeV. We note that the fading
away of the Roper excitation at energies beyond Tp ≈
0.9 GeV is also in agreement with the analysis of the
corresponding differential cross sections [51,53].
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Fig. 8 (Color online) Energy dependence of the total pp →
pppi0pi0 cross section. Shown are the data from CEL-
SIUS/WASA [33] as well as WASA-at-COSY [47] (filled
circles), PROMICE/WASA [48] (filled squares), and ear-
lier work [49,50] (open symbols). The dotted and dash-
dotted lines show the expected energy dependence of simple
phase-space and modelled Roper excitation [46], respectively.
The dashed line shows the t-channel ∆∆ excitation [46,51],
whereas the filled stars display the result of the isospin de-
composition for N∗ excitations [33]. Here, the first structure
is due to the Roper N∗(1440) excitation. The rerise at higher
energies signals higher-lying N∗ excitations.
5 Conclusions
We have shown within the dibaryon-induced model for
NN scattering that the NN interaction in the basic
spin-singlet and spin-triplet S-wave partial channels at
energies Tlab from zero up to about 1 GeV is gov-
erned by the formation of the I(Jpi) = 0(1+) and 1(0+)
dibaryon resonances near theNN∗(1440) threshold. This
work continues a series of the previously published pa-
pers [17,18,19] where the NN interaction in higher
partial waves was shown to be dominated by the in-
termediate dibaryon excitation (supplemented by the
peripheral one-pion exchange) in the respective partial
channels near the N∆ or ∆∆ thresholds.
From the energy dependence ofNN -induced isoscalar
single-pion and isovector double-pion production we see
also that both isospin-spin combinations in theNN∗(1440)
system lead obviously to dibaryonic threshold states
at the Roper excitation threshold — analogous to the
situation at the ∆ threshold. However, compared to
the situation there the Roper excitation cross sections
discussed here are small. Since these structures decay
mainly into inelastic channels, their partial decay width
into the elastic (NN) channel should be only a small
fraction of the total width, similarly to the respective
branching ratio for the N∆ near-threshold states [16].
Despite this fact, our results show that the contribu-
tions of these dibaryon states to the low- and intermediate-
energy NN elastic scattering are dominating.
On the other hand, at energies below the inelastic
thresholds NNpi and NNpipi, decay of the dibaryons
into these channels is forbidden. However, a strong cou-
pling between the NN and the closed (virtual) channels
like N∆, NN∗(1440), NNpi and NNpipi is still possi-
ble. So, at low energies (Tlab . 350 MeV) the coupling
of the dibaryon to these closed channels appears to be
strong and thus the whole picture of the NN interac-
tion at these energies is dominated just by this cou-
pling. This explains how the intermediate dibaryon for-
mation near the nucleonic resonance threshold can be
the leading mechanism for the NN interaction at low
energies. When the collision energy is rising and the in-
elastic channels open, the same intermediate dibaryons
provide single- and double-pion production. Thus, in
the dibaryon-induced approach to the NN interaction,
the elastic and inelastic NN collision processes have
a common origin and can be described via a common
mechanism. These results may provide a novel insight
into the nature of the NN interaction at low and in-
termediate energies and should be confirmed by further
experimental and theoretical research.
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